A series of selenophenes with redox-active amine end-capping groups was synthesized and investigated. A combination of cyclic voltammetry, optical absorption, EPR spectroscopy and quantum-chemical calculations based on Kohn-Sham density functional theory was used to explore charge delocalization in the monocationic mixed-valence forms of these selenophenes, and the results were compared to those obtained from analogous studies of structurally identical thiophenes. The striking finding is that the comproportionation constant (K c ) for the experimentally investigated biselenophene is more than two orders of magnitude lower than for its bithiophene counterpart (in CH 3 CN with 0.1 M TBAPF 6 ), and the electronic coupling between the two amine end-capping groups in the mixed-valent biselenophene monocation is only roughly half as strong as in the corresponding bithiophene monocation. These are surprisingly large differences given the structural similarity between the respective biselenophene and bithiophene molecules. However, the computationally determined comproportionation constants for biselenophene and bithiophene are almost identical, and the electronic coupling in the monocationic biselenophene is only slightly smaller than that in the monocationic bithiophene. We assume that the external electric field may be responsible for the differences in monocation stabilities between experiment and computation. Our findings indicate that charge delocalization across individual selenophenes tends to be less pronounced than across individual thiophenes, and this may have important implications for long-range charge transfer across selenophene oligomers or polymers.
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with one equivalent of secondary amine. Our attempts to isolate a terselenophene analog to 1 and 2 were unsuccessful because of purification problems of the final product.
All compounds were purified by column chromatography on silica gel, and they were characterized by high-resolution mass spectrometry, NMR spectroscopy, and by elemental analysis. Detailed synthetic protocols and product characterization data for all new compounds are in the Supporting Information.
Computational methodology. Oxidation potentials: Molecular and electronic structures of neutral, monocationic and bicationic forms of 1, 2, 3, I and II were optimized employing KohnSham density-functional theory (KS-DFT) combined with a protocol by Renz and Kaupp developed for the prediction of electronic communication in organic mixed-valence compounds. [32] [33] [34] This protocol includes the use of the BLYP35 hybrid functional (35% exactexchange admixture) 32, [35] [36] [37] of Ahlrichs' def-TZVP basis set 38 and of the conductor-like polarizable continuum model (CPCM) to consider solvent effects. 39, 40 We chose the dielectric constant of acetonitrile because this was the solvent in the experimental investigations. The BMK hybrid functional 41 (42% exact-exchange admixture) and the BLYP80 [35] [36] [37] hybrid functional (80% exact-exchange admixture) were additionally employed. Furthermore, singlepoint calculations were performed on the monocations with the optimized neutral molecular structure and on the bications with the optimized monocationic molecular structure. For further details and the choice of initial structures, see the Supporting Information. The term "ionization potential" might be technically more correct for our calculated values but we will use the term "oxidation potential" throughout this manuscript to make the relationship between experiment and calculation more evident.
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Optical absorption spectra: Optimized (BLYP35/TZVP/CPCM:MeCN) molecular structures of neutral and monocationic forms of 1, 2, 3, I and II were used as input to calculate the three lowest-energy excitations employing time-dependent density-functional theory (TD-DFT) combined with the mentioned protocol by Renz and Kaupp. We chose the dielectric constants of acetonitrile and dichloromethane because these two solvents were used for the experimental UVVis-NIR studies. The BMK hybrid functional and the M06HF hybrid functional (100% exactexchange admixture) were additionally employed. 42, 43 Cyclic voltammetry. Figure 1 shows cyclic voltammograms of compounds 1 (a), 2 (b), and 3 (c) in dry and deoxygenated acetonitrile measured in the presence of 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF 6 ) electrolyte at scan rates of 100 mV/s. The waves at -0.51 V vs. In the voltage range shown in Figure 1 the voltammograms of all three compounds exhibit two reversible waves which are clearly separate from each other. They are attributed to one-electron oxidation of the two amine end-capping groups. For a given wave, the average separation between oxidative and reductive peak currents is 65 mV. Expectedly, reference molecule 4 exhibits only one oxidation wave in the same potential range ( Figure S1 of the Supporting Information) because it contains only one amino group. Moreover, oxidation is irreversible in this case, and this is presumably due to electropolymerization phenomena. Analogous experiments with 1 -3 in dichloromethane produce lower quality voltammograms ( Figure S2 ) in which for a given oxidation wave the voltage separation between oxidative and reductive peak current is substantially larger (on average 260 mV) than in acetonitrile. The electrochemical potentials for one-and two-electron oxidation of compounds 1 -3 in acetonitrile and dichloromethane are summarized in Table 1 . both contain a monoselenophene bridge but differ in their amino groups. The first oxidation potential is significantly less positive for 1 than for 3 which may be caused by the higher electron density at the nitrogen atoms in 1 due to electron-donating methoxy groups. The less positive oxidation potential is confirmed by DFT calculations (Table S2 in the Supporting Information).
Of particular relevance in the context of mixed-valence phenomena are the differences (∆E) between the electrochemical potentials for oxidation of the first (E 1/2 +/0 ) and the second (E 1/2 2+/+ ) redox center (fourth column of Table 1 ). On the basis of these ∆E values the comproportionation constants (K c =10
(∆E/59 mV)
) can be estimated (fifth column of Table 1 ). K c is a measure of the stability of the monocationic (mixed-valent) state of compounds 1 -3. 44 The comproportionation constant is often largely determined by electrostatic effects, and it can be tricky to extract meaningful information on electronic coupling matrix elements on the basis of electrochemical data. 45 In acetonitrile, K c decreases by roughly 5 orders of magnitude between compounds 1 and 2, but the K c values of compounds 1 and 3 differ by only a factor of 16. Expectedly, an increase in bridge length has a far greater influence on K c than a change in electronic structure at the redox-active unit.
Comparison with the K c values of the thiophene analogs I and II is particularly interesting.
Direct comparison is possible in this case because I and II were investigated under precisely the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 same conditions, 23 i. e., using the same solvent and the same electrolyte hence solvation and ion pairing effects are expected to be similar in both studies. 28 For monothiophene compound I in CH 3 CN with TBAPF 6 we found K c = 4.2⋅10 7 (Table 1) which is nearly an order of magnitude greater than the K c value obtained for the monoselenophene compound 1 (4.6⋅10 6 , Table 1 ). For bithiophene compound II we found K c = 1.7⋅10 4 which is a factor of 240 greater than the K c value (70) obtained for biselenophene compound 2.
The key finding from the cyclic voltammetry studies is that the comproportionation constants for selenophenes 1 and 2 are substantially lower than those of the corresponding thiophenes I and II. Moreover, K c decreases significantly more when going from the monoselenophene (1) to the biselenophene (2) (a factor of ~65000) than when going from the monothiophene (I) to the bithiophene (II) (a factor of ~2500). The lower K c values in the selenophenes (and their more pronounced distance-dependence) may be a manifestation of weaker (through-bond) electronic communication across mono-and biselenophene than across mono-and bithiophene. However, it may also be important to consider electrostatic effects even though the distances between the redox moieties are almost the same in both cases. Moreover, since organic mixed-valence compounds are known to exhibit a significant fraction of spin on the bridge, the external electric field might influence the two bichalcogenophenes to a different extent because of the larger polarizability of selenium compared to sulfur (vide infra).
Optical absorption spectroscopy. The black traces in Figure 2 are the optical absorption spectra of compounds 1 -3 in acetonitrile at room temperature. None of the three molecules shows any significant absorption below 17000 cm -1 in the charge-neutral form. oxidation of the selenophene compounds. In Figure 2 we show the spectra which were detected after addition of 0.5 (purple), 1.0 (green), 1.5 (orange), and 2.0 equivalents (red) of Cu(ClO 4 ) 2 to 4.0⋅10 -5 M solutions of the selenophenes. Table S9 ). Moreover, the substantially higher oxidation potential of 3 + (compared to 1 + and 2
+
) makes the second oxidation with Cu(II) less favorable in this case. There is no indication for the formation of degradation products on the timescale on which these UV-Vis studies were performed.
The lowest-energy absorption bands of bis(triarylamine) monocations are commonly interpreted as intervalence (or charge resonance) absorption bands. 12, 13, 22, 46 The fact that such bands are observed is an indication of significant electronic interaction between the individual redox centers. In the following we perform a quantitative analysis of the intervalence absorptions detected in Figure 2 .
The black traces in Figure 3 are the experimental absorption spectra of 1 + (a), 2 + (b), and 3 + (c) in CH 3 CN at room temperature after addition of 1.0 eq of Cu(ClO 4 ) 2 to 4.0⋅10 -5 M solutions of the charge-neutral compounds. 47 The colored traces in Figure 3 are Gaussian fits to the experimental data. The Gaussians marked in green were used to fit the low-energy intervalence absorption bands, whereas the Gaussians represented by dashed purple traces were necessary to fit the higher-energy portions of the experimental spectrum. The latter are of no further interest.
The dotted red traces represent the sums of the individual (green and purple) Gaussians. They match the experimental (black) traces nearly perfectly. Table 2 . Table 2 . Parameters obtained from analysis of the intervalence absorptions in Figure 3 .
[cm
[cm e., the asymmetry is not very pronounced as noted above.
For the IVCT bands of class II mixed-valence species, one expects a relation between IVCT bandwidth (ν 1/2,class II ) and energetic position of the IVCT band maximum (ν max ) as described by equation 1.
51
ν max was extracted directly from the experimental absorption spectra in Figure 3 (maximum of the lowest-energy band).
The last column of Table 2 lists the ν 1/2,class II values calculated on the basis of the ν max values extracted from the experimental spectra in Figure 3 
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The solvent dependence of the IVCT bands is non-negligible. 
ν max is the energetic position of the IVCT band maximum (see above), R is the effective charge transfer distance, and e is the elemental charge. The transition dipole moment in units of e⋅Å can be determined from integration of the IVCT band as described by equation 3.
22,46,49
The µ ge values reported in the fifth column of Table 3 were determined on the basis of the two Gaussian functions needed to fit the experimental IVCT bands (dotted green traces in Figure 3 ). . This is in line with the much stronger decrease in K c between 1 and 2 (factor of ~65'000) than between I and II (factor of ~2500), see above.
According to superexchange theory, 58 electronic coupling matrix elements exhibit an exponential distance dependence following equation 4.
Here, H AB (0) is the electronic coupling matrix element at a reference distance R
, and β is the so-called distance decay constant. The factor of ½ is used to make the β values from equation 4 directly comparable to the distance decay constants extracted from studies of electron transfer rates (which are proportional to H AB 2 ). On the basis of the H AB values for 1 + and 2 + in Table 3 we find β = 0.57 Å -1 in the R = d NN limit and β = 0.85 Å -1 in the R = 2/3⋅d NN limit (third row of Table 4 ). For I + and II + we find β = 0.27 Å -1 and β = 0.40 Å -1 , respectively (bottom row of Table   4 ). Alternatively, the use of dimensionless distance decay constants (β n ), characterizing the decrease of H AB per σ-bond between the redox active centers (here taken as the two N-atoms), is customary. 13 We obtain β n = 0.74 for the selenophenes and β n = 0.35 for the thiophenes (last column of Table 4 ). Derivations of the equations used for determining β and β n are found in the Supporting Information. 23 . β is the distance decay constant as defined in equation 4. β n is the dimensionless decay constant characterizing the decrease of H AB per σ-bond between the two nitrogen atoms.
It is clear that the determination of β and β n is preferably based on more than two H AB values, but this is not possible in the present case (see synthesis section). The β and β n values in Table 4 nevertheless capture an important difference between the selenophenes and thiophenes from Scheme 1, but extrapolation to longer oligoselenophenes and oligothiophenes should be made with caution. The key finding from this section is that the exponential drop-off in H AB between the mono-and biselenophene is more than twice as pronounced as for structurally analogous mono-and bithiophenes.
To put our distance decay constants from Table 4 into somewhat broader perspective we note that β values for oligo-p-phenylene bridges are usually in the range from 0.4 Å -1 to 0.8 Å -1 , depending on the attached redox-active units. [60] [61] [62] For a series of phenylene-bridged bis(triarylamines) β n = 0.32 was found. 13, 46 A recent study of ferrocene-decorated oligofuranes reported β n = 0.13 Å -1 . 5 Note that β is not a strictly bridge-specific property. A given molecular bridge can produce drastically different β values depending on the nature of the attached redoxactive units. 63, 64 The influence of the redox-active moiety on H AB is illustrated by the comparison of monoselenophenes 1 + and 3
+
. The less electron-donating nature of the chloro-substituted amine in 3 + causes a non-negligible decrease of H AB (roughly 15%). This is a well-known effect, 65 and EPR Spectroscopy. Additional insight into the delocalization of the unpaired electron in the one-electron oxidized forms of the compounds from Scheme 1 can be gained from EPR spectroscopy. The solid lines in Figure 5 represent X-band EPR spectra of ~10 -3 M solutions of 1 + (a), 2 + (b) and 3 + (c) in acetonitrile. The radical cations were generated by chemical oxidation using Cu(ClO 4 ) 2 as described above. simulated EPR spectra using the EPR parameters given in Table 5 . The simulations were performed using the WinSim 2012 software.
For all three radical monocations the EPR spectra are centered at values of the gyromagnetic factor g of 2.003-2.035, which is characteristic for triarylamine radical cations ( Figure 5 ). 22 The hyperfine structure of all three radical cations is due to the interaction of the unpaired electron with class III mixed-valence behavior. 22 The simulation of the EPR spectrum for monocation The nitrogen hyperfine constant decreases from 4.7 G to 3.1 G when going from 1 + to 2 + , and a similar observation has been made previously for I + and II increased at the expense of that on the nitrogen atom as also seen for alkoxyphenyl amino radical cations. 22 This interpretation is supported by density-functional theory (vide infra as well as Tables S6 and S7 ; note that the spin density is distributed symmetrically in the DFT results). [32] [33] [34] Our calculations show that in the course of oxidation to the mono-and the dicationic forms, our systems adopt an increasingly quinoidal structure, without any significant differences between thiophene and selenophene compounds (Tables S3   to S5 ). Table 6 Table S1 ). Considering that the typical error for energy differences obtained from KS-DFT calculations is 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 experimental benchmark (even though the qualitative trends are roughly correct when using adiabatic oxidation potentials). Table S2 lists individual oxidation potentials obtained with BLYP35 and BMK hybrid functionals, respectively.
To interpret these results, it is important to keep in mind that the molecules in the experimental setup are exposed to an external electric field and to counter ions, which was not considered in the calculations. As the external field increases in the course of an oxidative potential sweep, the oxidation of the neutral compounds is presumably less influenced by this field than oxidation of the monocations (which requires higher potentials). Furthermore, spin analyses of the optimized monocations (Tables S6 and S7) reveal that the spin is significantly more distributed over the bridges of the bichalcogenophenes than over those of the monochalcogenophenes. This observation might explain why the oxidation-potential differences of the bichalcogenophenes are less close to the experiment than those of the monochalcogenophenes: Due to the relatively large polarizabilities of the chalcogen atoms, the external electric field is assumed to increasingly influence those compounds which reveal large spin densities at the bridge. However, this argumentation does not give a clue why the results of the selenophene compounds are closer to the experiment than those of the thiophene compounds. It might be that the oxidation potentials of the selenophene compounds change more linearly with the increase of the external field because the polarizability of selenophene is significantly lower than that of thiophene. 66 This hypothesis is supported by the findings that (i) the computationally determined differences between first and second oxidation potentials (for a given species) differ significantly from those obtained by cyclic-voltammetry, but (ii) relations between different species for a given oxidation potential differ much less between computation and experiment, particularly for the selenophene compounds and monochalcogenophenes (Table 6 ). Introducing a single PF 6 − anion and 
ACS Paragon Plus Environment
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 performing another structure optimization does not change the similarity of ionization potentials between thiophene and selenophene compounds (cf. Cartesian coordinates and Tables S3-S5 for relevant bond lengths and dihedral angles of all molecular structures as a function of the total electric charge). Thus, there is much evidence that the optimized structures indeed represent the real equilibrium structures in acetonitrile (assuming that the combinations of exchange-correlation functionals and the solvation model employed are suitable for the problem under study, as suggested by refs. [32] [33] [34] ).
To summarize, the calculated results (Table 6 ) confirm the experimental finding that the length of the bridge has a significantly stronger influence on the comproportionation constant than the electronic structure of the redox-active units. On the other hand, the large difference between the comproportionation constants of biselenophene and bithiophene is not reproduced by our KS-DFT computations. It might be that this difference is only pronounced in the presence of an For this purpose, we examined the IVCT bands of the radical cations from a computational perspective. To evaluate the calculations, we additionally computed the lowest-energy transition of the neutral compounds (Table S8) III situation ( Figure 6 and Table 7) . 38 In order to determine the extent of electronic communication in the studied compounds, it is important to investigate solvent effects and to explicitly calculate electronic coupling elements, particularly as the computations do not provide band widths and band asymmetries. In contrast to the experiment, the computational results for dichloromethane only reveal slight red shifts of about 200 cm -1 (Table S9 ) when compared to the results for acetonitrile. This may be due to the Table 8 , and the comproportionation constant for compound 2 is a factor of 240 lower than that of compound II. These are rather dramatic differences given the structural similarity between these compounds. However, the computationally determined comproportionation constants of biselenophene and bithiophene are almost identical and the coupling element of the monocationic biselenophene is only about 15%
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